assessed in cultured lymphoblasts from 16 PM males (including 11 FXTAS patients) and 9 matched controls. The regional white matter hyperintensity (WMH) scores were obtained from MRI. Results: Mitochondrial respiratory activity was significantly elevated in lymphoblasts from PM carriers compared with controls, with a 2-to 3-fold increase in basal and maximum OCR attributable to complex I activity, and ATP synthesis, accompanied by unaltered mitochondrial mass and membrane potential. The changes, which were more advanced in FXTAS patients, were significantly associated with the WMH scores in the supratentorial regions. Conclusion: The dramatic increase in mitochondrial activity in lymphoblasts from PM carriers may represent either the early stages of disease (specific alterations in short-lived blood cells) or an activation of the lymphocytes under pathological situations. These changes may provide early, convenient blood biomarkers of clinical involvements.
Introduction
Fragile X-associated tremor/ataxia syndrome (FXTAS), first described in 2001 [1] , is a late-onset progressive neurodegenerative disorder affecting carriers of common premutation (PM) alleles of the fragile X mental retardation 1 (FMR1) gene. These alleles contain non-coding region CGG expansions of 56-200 repeats [2] . In females these alleles may expand further into the full mutation range (>200) over one generation [3] , leading to developmental abnormality -the fragile X syndrome [4] . The population frequency of PM is estimated to be 1 in 250-468 in males and 1 in 113-209 in females [5] , with approximately 40% of male carriers and 8-16% of female carriers being affected with FXTAS as they get older [1, 5, 6] .
In addition to the core features of prominent tremor and ataxia, a proportion of FXTAS patients also exhibit parkinsonism, psychiatric problems, cognitive decline, and peripheral neuropathy. White matter lesions of the middle cerebellar peduncles (MCP) occur in 50% of patients, while MRI changes may also include less specific cerebellar and cerebral white matter T2 hyperintensities, as well as cortical atrophy. Neuropathology reveals ubiquitin-positive intranuclear inclusions in both the brain and non-central nervous system organs [5, 6] . The broad range of manifestations of FXTAS may reflect different stages of disease and/or differences in genetic penetrance, so that the term 'FXTAS spectrum' appears more appropriate [6] . Moreover, some carriers may only manifest non-syndromic psychiatric, neurological or MRI changes, or cognitive decline.
An important breakthrough in understanding the link between the PM and brain changes was the finding in the blood of carriers of elevated levels of FMR1 transcripts that correlated with the size of the CGG repeat expansion [7] . Toxicity of the expanded FMR1 mRNA is implicated in neurodegeneration; this has been supported by Drosophila and mouse models, which showed that an increase in FMR1 mRNA resulted in neural cell death [8, 9] . This toxicity has been linked to the dysregulation of cellular mechanisms in the form of mitochondrial dysfunction found in cultured fibroblasts (carriers with and without FXTAS), and post-mortem brains (FXTAS patients) [10] [11] [12] , but the specific roles of the expanded FMR1 mRNA in neurodegenerative processes are not fully understood. Difficult access to human brain tissue has hampered research into the pathomechanisms involved in different stages of this process.
In this study, we investigated aspects of mitochondrial and non-mitochondrial respiratory activity in the most accessible human tissue-blood using cultured lymphoblasts from adult male PM carriers affected with FXTAS spectrum, against the background of baseline data from age-matched healthy non-carriers. We demonstrate unexpected changes in the lymphoblasts from carriers of the PM alleles, especially the affected ones, compared with controls, in the form of highly increased measures of mitochondrial and non-mitochondrial respiratory activity, which correlated with the degree of white matter lesions in specified areas of the brain.
Subjects and Methods

Sample
The study was approved by the La Trobe University Human Ethic Committee (No. 01/85). All participants gave informed consent for their involvement in the study. The sample included 16 Caucasian male PM carriers aged between 48 and 81 years, with the exception of 1 additional 18-year-old male. The PM carriers were recruited from fragile X families which were identified through clinical admissions of children with the fragile X syndrome to the Victorian Clinical Genetic Services of the Royal Children's Hospital in Melbourne and who were cascade tested.
Eleven carriers were placed in the FXTAS spectrum category based on the presence of the MCP sign on MRI associated with varying degrees of action tremor/ataxia (n = 9) or with dementia in the absence of neurological changes (n = 2). Five carriers were outside the FXTAS spectrum (3 asymptomatic, 1 with fibromyalgia, and 1 young adult with high functioning autism -none showing the MCP sign). CGG repeat sizes ranged from 56 to 160, and FMR1 mRNA levels ranged from 2.32 to 5.38. The age-matched 9 healthy controls recruited from the general population provided baseline data for mitochondrial respiratory activity in cultured lymphoblasts; their age ranged between 45 and 83 years, and their CGG repeat numbers were <40.
Clinical and Neuroimaging Assessments
Apart from clinical history and standard neurological examination conducted by two neurologists (E.S. and D.Z.L.) with relevant experience, the Addenbrooke Cognitive Examination-Revised (ACE-R) [13] was used as a screening measure for dementia.
MRI scans were performed on 1.5-tesla Siemens or General Electric scanners and included 2-dimensional dual echo proton density with T2 weighting and/or fluid-attenuated inversion recovery (FLAIR) turbo spin echo axial images with a 5-mm slice thickness and a 1.5-mm gap.
Visual White Matter Hyperintensity Rating The extent and severity of supratentorial and infratentorial deep white matter hyperintensity (DWMH) and periventricular WMH (PVWMH) were evaluated from the proton density/T2 and/or the FLAIR digital images by an experienced neuroradiologist (N.T.) using a visual semi-quantitative method. The evaluation was performed blinded to clinical data and was repeated 1 week apart. The DWMH rating was based on the method described by Wahlund et al. [14] . Since DWMH and PVWMH may result from different pathological processes and vary in extent and [5, 6] , the latter was separately rated as described by van Straaten et al. [15] . DWMHs were defined as areas >3 mm of increased signal on T2 and proton density or FLAIR images, and were rated in 6 regions for each side of the brain: supratentorial frontal, parieto-occipital, temporal, subcortical white matter, infratentorial, and basal ganglia regions. The basal ganglia included the deep nuclei and capsules. Infratentorial changes included WMH in the MCP and adjacent deep white matter of the cerebellar hemispheres, which is one of the major criteria for the diagnosis of FXTAS [1, 5, 6] . PVWMHs were defined as confluent hyperintensities adjacent to the frontal or occipital horns (caps) or the bodies (bands) of the lateral ventricles. When PVWMHs were >10 mm in transverse diameter they were given a score of 2, and any excess was included in the DWMH score. Respective scores were totalled to give total supratentorial DWMH (here we excluded the basal ganglia), total infratentorial DWMH, and total PVWMH scores. A more detailed description of this method has been given in [16] . Chronic lacunes were perceived as well-defined areas >3 mm with signal characteristics similar to cerebrospinal fluid. There were 2 lacunes in 1 subject and 1 lacune in 2 subjects, but they were not included in the WMH score rating.
Laboratory Protocols
A detailed description of the laboratory methods, including isolation of PBMC and transformation with EBV 30, cell culture, assessments of mitochondrial membrane potential and mitochondrial mass, Seahorse respirometry, ATP, reactive oxygen species (ROS) assays, CGG repeat sizing, and F MR1 mRNA expression, is given in the online supplementary material (for all online suppl. material, see www.karger.com/doi/10.1159/000446803).
Statistical Analyses
Testing for normality of the distribution of molecular variables was conducted using Shapiro-Wilk test statistics at 5% significance level, and the variables that did not fit the normal distribution mod- 
, and controls and all PM (p 3 ). Seahorse respirometry measures: these were derived from OCR before and after the sequential addition of pharmacological agents. Basal = Basal OCR in pmol/min; ATP = ATP synthesis after the addition of 2 μM oligomycin (ATP synthase inhibitor); MaxOCR = uncoupled (maximum) respiration after adding 1 μM of CCCP (uncoupling protonophore); CI = mitochondrial complex I activity (after addition of 1 μM of complex I inhibitor rotenone; CII = mitochondrial complex II activity (after addition of 5 μM antimycin complex II inhibitor; NR = non-respiratory oxygen consumption processes not driven by electron transport. In each measurement period the OCR was measured and averaged over 3 measurement cycles (time points), each including a mixing step of 3 min, a wait of 2 min, and a measurement time of 3 min. Other cellular/mitochondrial measures: PL = proton leak representing mitochondrial activities other than ATP synthesis; mtMass = mitochondrial mass (normalized to control cell line); MMP = mitochondrial membrane potential (normalized to control cell line); ATP S = steady-state ATP (nM/10 6 cells normalized to control cell line); ROS = fluorescence relative to control cell line. MaxOCR%, CI%, CII%, NR%, and PL% are the respective measures taken as the percentage of the respective maximum pmol/min values. * p > 0.05, after adjusting for multiple testing using false discovery rate. 
Results
Mitochondrial Respiratory Activity
We first explored the possibility that there may be alterations in mitochondrial respiratory activity (involving the flux of electrons to molecular oxygen from complexes I or II via complexes III and IV, as well as ATP synthesis and consumption) in blood lymphoblasts of PM carriers compared with the age-matched non-carriers, using a Seahorse XF e 24 Extracellular Flux Analyser. The results show a significant increase in both basal and maximum oxygen consumption rates (MaxOCR), as well as ATP levels well above normal control values in the total sample of PM carriers ( fig. 1 ; table 1 ) ; oxygen consumption associated with mitochondrial complex I was also significantly increased in the total PM sample. Predictably, there were highly significant intercorrelations between all elevated Seahorse respiratory measures in the total PM group, ranging from 0.503 to 0.950 (data not shown).
Other components of mitochondrial respiratory function such as proton leak were also significantly elevated. The increase in non-respiratory oxygen consumption compared with controls was significant in the total PM group and in the non-FXTAS subsample. The absence of a significant change in ATP S (steady-state ATP) levels shows that the elevated rates of ATP synthesis and electron transport are matched by increases in the rate of consumption of ATP by cellular activities. Although ATP synthesis was increased to similar levels in both the FXTAS and non-FXTAS subsamples, this was not statistically significant in the latter after adjustment for multiple comparisons. However, ATP synthesis is the main contributor to the basal OCR, for which the increase was significant in both these groups.
Dramatic elevations of mitochondrial respiration and ATP synthesis rates were not associated with any increase in the mitochondrial mass. This data combined with unchanged mitochondrial membrane potential shows no indication of an impairment or blockade of mitochondrial electron transport at any stage in the electron transport chain. Consistent with the above, there was no significant change in MaxOCR, ATP, mitochondrial com- Box plots based on data for major components of mitochondrial respiratory function in lymphoblasts from the total sample of male PM carriers compared with non-carrier age-matched controls. C = Controls; PM = PM carriers; CI = complex I; NR = non-respiratory oxygen consumption; PL = proton leak. In each experiment, data were collected and averaged from 4 separate wells for each individual cell line. Each PM (n = 16) and control (n = 9) cell line was assayed in at least 3 independent experiments and the means were calculated. The y-axis represents zscores for standardized molecular variables listed along the x-axis. plex II, or proton leak taken as the percentage of the respective maximum values (picomole/min) ( table 1 ) . This proportional increase in all the major components of mitochondrial respiration suggests normally functioning, though hyperactive, mitochondrial systems. However, a modest but significant (in the total PM and FXTAS group) increase in mitochondrial complex I as a percentage of MaxOCR matched by a corresponding decrease in non-respiratory oxygen consumption as a percentage of MaxOCR would suggest that the cellular capacity for energy generation by oxidative phosphorylation may be increased more than the cellular consumption of oxygen by other means.
In an attempt to identify possible cellular triggers of the OCR elevation, we also assessed the levels of intracellular ROS -a potential source of oxidative stress. Contrary to expectations, the ROS levels were significantly decreased in both FXTAS and non-FXTAS carrier groups compared with non-carriers ( table 1 ). This suggests that increased cellular antioxidant defences (e.g. mitochondrial superoxide dismutase and glutathione peroxidase) might be able to more than negate any increases in ROS production that are expected to accompany the elevated mitochondrial activity in the lymphoblasts.
Relationships between Cellular Respiration Measures and WMH Scores
The data in table 1 showing that the FXTAS group manifested more obvious changes in cellular bioenergetics status than the non-FXTAS group of PM carriers already suggest that these changes may indeed be relevant to the clinical neurological status. However, in order to obtain more direct evidence for such an association in a small sample, we selected semi-quantitative measures of white matter lesions in specific brain areas as the covariate of our newly identified cellular respiratory biomarkers, as well as of the already established genotypic changes including CGG repeats and the levels of FMR1 mRNA. The results shown in table 2 provide evidence for strong associations between the elevated mitochondrial respiratory activity (levels of basal OCR, oxygen consumption by respiratory ATP synthesis, MaxOCR, and oxygen consumption by complex I in uncoupled mitochondria), non-respiratory OCR, and the total WMH, total supratentorial DWMH, parietal-occipital DWMH, and total PVWMH. That the statistical significance of these relationships has not merely been determined by individual outlying values in small samples is illustrated in several examples of scatter plots ( fig. 2 ) . Importantly, those hyperintensities also showed significant positive correlations with both genetic characteristics of PM alleles: the size of the CCG expansion and the levels of FMR1 mRNA (total WMH, total PVWMH, and total infratentorial DWMH) or with RNA only (total supratentorial DWMH, parieto-occipital DWMH, and frontal DWMH). All these relationships remained significant after adjustment for age (wherever appropriate) and multiple relationships. Only the variables which showed significant changes compared with non-carriers and defined here as 'biomarkers' were included in regression analysis. coef. = Regression coefficients (multiplied by 100); p-o DWMH = parieto-occipital region of supratentorial deep white matter; CI = complex I; NR = non-respiratory oxygen consumption; PL = proton leak. Sample sizes ranged from 9 to 14 for individual measures. * p > 0.05, after adjusting for multiple testing using false discovery rate.
Important anecdotal information has been provided by a case of the young adult male with high-functioning autism, whom we included in this study amongst older carriers because his large CGG repeat size broadened the range of PM alleles. Despite his age and the absence of any neurological changes (MRI data were not available), his parameters representing mitochondrial activity were usually above, and never below, the average for the total PM (or FXTAS only) sample. This suggests that the size of the CGG repeat expansion within the PM range may have an effect on the observed alterations in respiratory measures in these types of cells, but it requires confirmation in a much larger sample covering a broader range of expanded PM alleles.
Discussion
The preceding data on cellular function in blood lymphoblasts derived from a sample of adult (mainly affected) male carriers of FMR1 PM alleles showed dramatic elevation (over healthy non-carriers) of all the measures representing mitochondrial respiration, including basal OCR and ATP synthesis, OCR associated with mitochondrial complex I, non-respiratory OCR, and proton leak. There was no evidence for mitochondrial damage in these cells. These changes were not paralleled by an increase in mitochondrial mass, which suggested elevated mitochondrial activity rather than mitochondrial biogenesis; however, a possible role of an excessive autophagic degradation rate may be considered. Although there are funda- mental differences between cells grown in culture and in vivo, our evidence for the involvement of blood lymphocytes in neurodegenerative processes in PM carriers is based on the presence of obvious differences in cellular functions between PM carriers and healthy non-carriers, where the timing and conditions of the cultures were the same in both groups. This evidence is further supported by the positive regression relationship between the elevation of lymphoblast respiratory functions and the severity of white matter pathology in the brains of the affected PM carriers. More specific interpretation of these findings is difficult at present because of the paucity of existing data on the involvement of blood lymphocytes in neurodegenerative processes linked to unstable mutations or otherwise, but this report may pave the way for further investigation into this phenomenon. Considering the earlier rare finding of the presence of mitochondrial dysfunction in animal brain tissue or human fibroblasts carrying PM alleles [10] [11] [12] , the observed increase in mitochondrial activity in blood lymphoblasts may represent early stages of disease-specific processes in response to cellular stress, preceding a subsequent decline of mitochondrial function as the result of adverse consequences of hyperactivity. These longterm consequences, however, may not pertain to blood cells because of their rapid turnover, in contrast with fibroblasts and especially brain cells. On the other hand, it is likely that the observed mitochondrial hyperactivity represents an activation of blood lymphocytes in their reported neuroprotective and sometimes neuroantagonistic roles. Indirect evidence for the postulated role of blood lymphocytes in mediating increased oxidative stress to neurones leading to cell death, or in alleviating inflammatory aspects of neurodegenerative processes, has been presented in rare experimental or human studies of Alzheimer's disease [17] [18] [19] . Moreover, important and relevant findings on lymphocyte recruitment, activation, and infiltration in the CNS under pathological situations, including Parkinson's disease and ALS, have recently been reviewed [20] .
Possible sources of activation of cellular stress signalling pathways in carriers of the PM alleles have been linked to FMR1 mRNA. It has been claimed that the 'toxic' effect of elevated FMR1 transcripts leads to sequestration of some important RNA-binding proteins, such as purine-rich element binding protein (Pur α) [21] , nuclear ribonucleoprotein A2/B1 (hnRNP A2/B1) [22] , Sam68 [23] , and DGCR8-DROSHA complex [24] , which are deposited in the intranuclear inclusions (reviewed in Garcia-Arocena et al. [25] ). Alternatively, the elevated RNA may act as a trigger of neuronal stress responses leading to the overexpression of candidate proteins involved in neuroprotection [6, 21, 22, 26] .
Some other sources of activation of cellular stress signalling pathways in PM cells may be linked to the accumulation of 'toxic' peptides generated by aberrant (RAN) translation [27, 28] , including the recently reported polyglycine-containing protein (FMRpolyG) [28] . On the other hand, the involvement of co-transcriptional processes of R-loop formation as a potential source of primary cellular stress has recently been suggested. This formation is promoted by the highly GC-rich FMR1 5 ′ UTR region [29] , consequently leading to an R-loop-dependent activation of response to the DNA damage at the FMR1 locus. The hypothesis of DNA damage and activation of the DNA damage repair processes may be supported by the finding of decreased cell viability and upregulation of the phosphorylated DNA repair-associated histone variant γH2AX in human neuroblastoma-derived cell lines in conjunction with a large increase in expanded (95 CGGs) FMR1 mRNA [30] . In view of our present findings, it will be important in future studies to explore these possibilities and their potential links with mitochondrial hyperactivation in the blood cells of PMaffected carriers.
Notably, our analysis showed highly significant associations between the degree of total white matter lesion load, especially of periventricular and deep white matter, and the elevated rate of oxygen consumption, ATP, or complex I activity, in spite of the small sample size. We chose the WMH scores as potential correlates of those cellular biomarkers not only because the loss of brain white matter is a major feature of brain pathology in older/affected PM carriers [5, 6] and has been linked to the elevation of 'toxic' FMR1 mRNA [present data and 6 ] but also because they are a more accurate and specific representation of brain damage than clinical assessments. Moreover, brain changes visible on functional MRI, fibre track changes [31] [32] [33] [34] and brain atrophy, particularly in the cerebellum [35, 36] , have been shown to occur well before the onset of clinically diagnosed FXTAS. Thus, our finding of an association between the alterations in cultured blood lymphocytes and the extent of white matter lesions show that, although these alterations may reflect only an initial stage of pathological processes in these types of cells, they are obviously relevant to the progression of (or potential for) neurodegenerative changes leading to FXTAS. Therefore, we suggest that measures of mitochondrial activity in lymphoblasts may be considered early and convenient cel-lular biomarkers of neurodegenerative processes in PM carriers.
It is of particular interest that, although almost all the changes (except for mitochondrial membrane potential and non-respiratory oxygen consumption) were more evident in the FXTAS group, we also observed a significant elevation of oxygen consumption in a subsample of non-FXTAS PM allele carriers, including basal OCR, MaxOCR, mitochondrial complex I activity, and proton leak, as well as non-respiratory consumption. If this is confirmed in a larger independent sample, it will suggest continuity of the underlying cellular/neurological processes in carriers of PM alleles from subclinical forms to the fully manifested FXTAS as the individuals get older. It also raises the possibility that similar cellular and molecular processes may underlie atypical manifestations such as non-syndromic features in the low penetrance forms.
In conclusion, this study identified new cellular biomarkers in the form of highly elevated mitochondrial respiratory activity measures in cultured lymphoblasts from a small sample of FXTAS and non-FXTAS adult male PM carriers with a broad spectrum of clinical manifestations compared with matched healthy non-carriers. These biomarkers were found to correlate with the extent of white matter lesions, which also showed significant relationships with the level of increase of 'toxic' FMR1 mRNA. Our findings warrant confirmation in much larger and more diversified samples of PM carriers, using a broader range of mitochondrial and other cellular metabolism and survival tests, and also including fresh nontransformed leucocytes. This potential discovery of new aspects of cellular pathomechanisms in carriers of the PM alleles linked to neurodegenerative processes may facilitate the identification of suitable targets for future treatment techniques.
